Abstract -Introduction. This research focused on the variation of the kernel and pellicle (seed coat) constituents during nut growth, from early development to maturity. Material and methods. Nuts of three hazelnut cultivars widely grown in Italy: 'Tonda Gentile Romana', 'Tonda di Giffoni' and 'Nocchione'. were randomly sampled weekly, from the same trees, starting from the first week of July 2007 (day of the year: DOY = 186) until the beginning of September (DOY = 249), at harvest time. Results and discussion. Oil content increased continuously during the development of the kernel, from 30-35 g 100 g −1 dry weight (DW) at the beginning of July, to 61-68 g 100 g −1 DW in the first week of September. Total monounsaturated fatty acids were the main group of fatty acids in the oil and oleic acid was the most predominant one, showing slight variations depending on the cultivar and kernel growth stage. Nitrogen content in the kernel decreased continuously during development, from 4.2 g 100 g −1 DW to 2.9 g 100 g −1 DW on average among the cultivars. Soluble sugars, mainly sucrose, showed a wide fluctuation until late July, and the content observed in the mature seed was about 5 g 100 g −1 DW in all cultivars. The organic acids, mainly represented by malic acid, showed a large decrease during the early stages (July), and reached on average a content of about 0.3-0.4 g 100 g −1 DW at the mature stage. Starch content for all cultivars was highest at the first sampling date, then decreased rapidly, coinciding with the initial kernel expansion stage. Starch levels then increased to a second peak in early August, then rapidly decreased again, followed by a gradual decline up to the time of nut ripening. The total phenol content was mainly concentrated in the pellicle and showed wide variation during the nut development both in the kernel and pellicle. Conclusion. The complexity of these dynamics can explain the different kernel taste in immature and mature states, and highlights the possibilities of optimizing the orchard management and harvesting time.
Introduction
Hazelnut (Corylus avellana L.) is the main nut tree grown in Italy, which is the second-largest producer country in the world behind Turkey, with about 90,000-130,000 t shell nuts per year [1] . The evaluation of nut quality is mainly based on the level of defects and on nut yield (kernel/nut ratio) [2] . In recent years, the potential for intrinsic quality has gained attention, with the aim of promoting nut consumption [3] [4] [5] [6] . The nutritional properties of hazelnut and its health benefits, related to the richness of high-value fatty acids and natural antioxidants, have been emphasized [7, 8] . Among the chemical components of the kernel, lipids are considered the factor giving a major contribution to the quality and storability of nuts and derived products [9, 10] . Nevertheless, other minor components, such as sugars, organic acids, and phenolic and aromatic fractions, can be involved in the expression of nut taste and quality [11, 12] .
The trend to increase the use of nuts in the food industry for a wide range of processed products and the demand for excellent organoleptic traits both justify the interest in research aimed at a better knowledge of the chemical qualitative parameters of nuts and their processed products. The limited information available on intrinsic and external factors involved in the determination of nut quality and linked with the organoleptic properties represents a further reason to start or improve this research field.
While the chemical composition of mature nuts and its dependence on genotype and geographical origin has been quite extensively analyzed [8, [13] [14] [15] [16] , the variation of kernel composition during nut growth and ripening has been the subject of little research, mainly focused on the fat component [9, 17, 18] of some Turkish cultivars [19] [20] [21] and the mineral content of new Chinese crossbreeds [22] .
The analysis of minor constituents such as starch, soluble sugars, organic acids and phenolics has been long neglected. Nevertheless, their importance for the nutritional, health and sensory quality of mature seeds has been highlighted [3, 16, 23] . Recent research on hazelnut phenolics has revealed the variability of the total content and of single phenolic compound concentrations among genotypes, which can have different antioxidant capacity [24] , thus supporting the interest in in-depth studies on the large number of hazelnut cultivars.
Maturity at harvest can influence the kernel quality of nuts [25] . In addition to the prevalent use of mature hazelnuts, the direct consumption of not completely ripe "green hazelnuts" needs some attention as it is a tradition in some areas [26, 27] . Furthermore, studies on chemical changes during fruit development are very limited for native Italian hazelnut cultivars. Therefore, this study was planned to determine the chemical changes in main and minor components during nut development in the kernel of three round-shaped hazelnut cultivars widely grown in Italy. A further objective of the study was to identify the stage of nut development at which the pellicle, easily removable from the immature seed, has a high phenol content, in order to be used as a potentially inexpensive source of natural antioxidants and extracted by methods recently reported on the kernel and hazelnut green leafy cover [5] .
Materials and methods

Plant materials
The trial was carried out in a mature orchard located in Viterbo province (latitude 42
• 18 N, longitude 12
• 15 E, altitude 350 m), Latium, Italy. The soil texture was medium loam with 1.5% of organic matter and a pH of 5.8. The unirrigated two-hectare orchard was managed with a natural green cover crop according to the rules of the hazelnut Integrated Production System [29] and had applications of the following quantities of general fertilizers: 120 kg ha −1 N, 60 kg ha −1 P 2 O 5 and 60 kg ha −1 K 2 O. Three Italian cultivars producing roundshaped nuts were analyzed: the main crop varieties 'Tonda Gentile Romana' (TGR) and 'Tonda di Giffoni' (TG), and 'Nocchione' (N), the traditional pollinizer of TGR. The orchard, 30 years old, was established with 400 trees of TGR (20 rows, 20 trees per row) and 200 trees (10 rows) of TG and N, respectively. The trees, spaced 5 m × 5 m, were trained to bush form, with 3-5 stems.
Nuts were sampled weekly, at ten different times, starting from the first week of July (DOY = 186), when nuts were a light green color and had a kernel/nut ratio of 25-30%, until the beginning of September (DOY = 249), when nuts were ripe and harvestable. Three trees per cultivar were marked in the middle of the orchard and used for subsequent sampling throughout the different stages. About 2 kg nuts were collected randomly from different heights of the canopy, ranging between 1.5 and 3.0 m from the ground, and all around the crown for each stage and cultivar, placed inside a polystyrene box with cooling gel, and then stored in the laboratory at -20
• C until analysis. All analyses were performed in triplicate for each sample.
Kernel composition analysis
Prior to kernel composition analysis, the nut and kernel weight, width, thickness and height, and shell weight were recorded on sub-samples of 50 nuts for each cultivar at each stage. Immediately before the analysis, sub-samples of nuts were manually cracked, shelled, and the kernels were finely crushed. A fraction of kernels were peeled by hand, using a scalpel, into a polystyrene box with ice, to obtain a sufficient quantity of kernel pellicle. The dry matter content in the kernel and pellicle was determined after drying at 103 ± 2
• C until a constant weight was achieved.
Oil in the kernel was extracted by the Soxhlet method, using light petroleum ether (boiling point • C). A 10-g portion of finely crushed kernels was placed in a cellulose thimble and extracted with 200 mL petroleum ether for 6 h in a Soxhlet apparatus. After extraction, the solvent was evaporated and the residual oil was weighed.
The total nitrogen content was determined through the Kjeldahl method using a Gerhardt digester [30] . Briefly, a 1-g portion of finely crushed kernels was placed in a dry Kjeldahl flask (800 mL in volume), then 2 g of digestion mixture (composed of SeO 2 , K 2 SO 4 and CuSO 4 ) was added. This sample was digested using 10 mL of H 2 SO 4 (96% w/v) at 390
• C for 3 h, until clear digestion was obtained. The digested samples were distilled using 50 mL NaOH (40% w/v) and the liberated ammonia was collected and added to 10 mL H 3 BO 3 solution (1% w/v), in the presence of an alcohol solution of methyl red and bromocresol green (BCG) as an indicator. Finally, the liberated ammonia was titrated against H 2 SO 4 (0.1 N) and the content in the kernel was expressed as a percentage, then calculated as g 100 g −1 DW. The fatty acid composition was analyzed on lipids separated from the aqueous extract obtained in the first steps of sugar extraction [31] by adding distilled water. The purified oil was mixed with a solution of butylated hydroxytoluene (BHT) as an antioxidant in n-heptane (5 mg mL −1 ) in the ratio 1:1 (v/v). A 100-μL aliquot of oil was converted to methyl esters in methanol with 50 μL of 0.1 mol L −1 KOH and shaken for 30 min. A 100-μL aliquot of n-heptane was added and 0.3 μL of the supernatant was injected into a gas chromatograph (GC) equipped with a flame ionization detector (FID) and a Restek Stabilwax capillary column (30 m × 0.5 mm i.d., 1.0 μm film thickness; Restek Corporation, Bellefonte, PA, USA). The temperature of both the injector and detector was 260
• C. The column temperature was held at 200 • C for 3 min, then increased at 4
• C min −1 to 220 • C and 6
to 250
• C, and finally held at 250
• C for 10 min. The retention times of the compounds were compared with those of fatty acid standards, and the percentage of the total was calculated for each compound.
Qualitative and quantitative determination of soluble sugars and organic acids was carried out by gas-liquid chromatography (GLC) according to Bartolozzi et al. [31] . A 5-g portion of finely crushed kernels was extracted in 100 mL of a solution of imidazole (0.05 M, pH 7.2) and ethanol (1:1 v/v), to which were added β-phenylglucopyranoside (2.5 mg) as an internal standard and the antioxidant butylated hydroxyaniline (BHA). A 2-mL aliquot of the extracts was evaporated to dryness, treated with 500 μL pyridine, 200 μL hexamethylsilazane and 100 μL trimethylchlorosilane and heated at 50
• C for 1 h. The trimethylsilyl derivatives were injected into a Chrompack CP 9000 GC equipped with a splitter injector, a flame ionization detector and a CP-Sil-5CB capillary column (25 m, 0.25 mm i.d., 0.12 mm film thickness) (Chrompack, Middelburg, Netherlands). The temperature of both the injector and detector was 350
• C. The column temperature was held at 120
• C for 1 min, then increased at 10
• C min −1 to 270
• C and at 20
• C, and finally held at 350
• C for 6 min. The retention times of the standards of the main sugars and organic acids present in the nuts were used for qualitative determination.
In order to determine the starch content, a 1-g dried residual pellet of sugar extract for each sample was homogenized with 25 mL of 1 mol L −1 HCl in a water bath at 90
• C for 4 h to hydrolyze the starch. The suspension was neutralized with 1 mol L −1 Na 2 CO 3 , then 2 mL methyl mannopyranoside was added as an internal standard. The sample was centrifuged and made up to a final volume of 50 mL with ethanol. A 2-mL aliquot of the extract was heated to dryness and treated as previously described for soluble sugars according to Bartolozzi et al. [31] .
The total phenol content in the kernel with the pellicle and in the pellicle only was determined according to the Folin-Ciocalteu procedure [32] . A 5-g lyophilized sample was placed in a test tube with 25 mL of extraction solution (methanol/water, 2:1 v/v) according to Yuritas et al. [33] . The mixture was placed in the dark at 4
• C for 24 h. The supernatant was collected and replaced with an equal volume of extraction solution. The two supernatants were mixed and extraction solution was added until a total volume of 50 mL was obtained. A 2-mL aliquot of extraction solution was mixed with 10 mL of 1:10 diluted Folin-Ciocalteu reagent, then 8 mL of 75 g L −1 Na 2 CO 3 was added. The tube was vortexed and allowed to stand for 5 min at 50
• C. The absorbance was then measured at 760 nm by means of a Perkin Elmer Lambda 3 spectrophotometer (Waltham, Massachusetts, USA). The phenol content was estimated from a standard curve and expressed as gallic acid equivalents (GAE) 100 g −1 dry weight (DW).
Statistical analysis
The results obtained in one year of investigation (2007) were expressed as means ± standard deviations (SD). Analysis of variance was performed on the data collected at the beginning of the kernel expansion stage (DOY = 186), mid-late kernel expansion stage (DOY = 214) and the end of the maturation stage (DOY = 249) considering the cultivar, stage and their interactions as factors of variation. The least significant difference (LSD at P = 0.05) for the comparison of the means was then calculated. Principal component analysis (PCA) was applied to the auto-scaled data matrix constituting the values of the nut chemical components of the kernel and pellicle analyzed in the three stages of development. All data processing was carried out using the SYSTAT software [34] .
Results and discussion
Dry matter content in the kernel and pellicle
The increase in the kernel and pellicle dry matter content during nut growth is reported in figure 1 . At the beginning of July, the dry matter content of the kernel was 26% in 'Tonda Gentile Romana', 22% in 'Tonda di Giffoni' and 21% in 'Nocchione'. 'Tonda di Giffoni' showed an earlier accumulation of dry matter in the kernel and a strong reduction of water content during July in comparison with the other cultivars.
The maximum dry matter content was observed at DOY = 235 and DOY = 249, when all the cultivars showed about 85% DW, while at the end of August (DOY = 242) the moisture in the kernel was slightly higher, likely due to some rainfall events that occurred (22.4 mm) during the last week of August. The measurements confirm that the nuts accumulate dry matter until they drop to the ground, as also observed by Farinelli et al. [35] in 'Tonda di Giffoni' and 'Tonda Gentile Romana'.
The dry matter content in the pellicle varied during nut growth depending on the stage of development and the cultivar. All cultivars maintained low values (15-25% DW) until the first week of August (DOY = 221), when a clear increase started. The dehydration of the pellicle started earlier in 'Tonda di Giffoni' and then increased in all cultivars in the second half of August, reaching final values at harvest (DOY = 249) of about 82% DW for the three cultivars.
Total oil content and fatty acid composition
Oil accumulation in the kernel showed a slightly different trend in the three cultivars (figure 2) and was also significantly affected by the stage of nut development (table I). Table I . Total oil content (g 100 g −1 DW), main fatty acids (% of total oil), total unsaturated fatty acids (PUFA) and the unsaturated/saturated acid ratio (U/S) in the kernel of hazelnut fruit expressed as the mean of cultivars, DOY (186 = 5 th July; 214 = 2 sd August; 249 = 6 th September) and their interactions. (DOY = day of the year; C 16:0 = palmitic; C 18:0 = stearic; C 20:0 = arachic; C 18:1 = oleic; C 18:2 = linoleic; C 18:3 = linolenic; C 20:0 = arachic; TGR = 'Tonda Gentile Romana'; TG = 'Tonda di Giffoni'; N = 'Nocchione'; LSD = least significant difference; n.s. = not significant; n.d. = not detected). At the beginning of kernel expansion (DOY = 186), 'Nocchione' showed a higher lipid content with respect to the other cultivars, with a value of 35.5 g 100 g −1 DW. At the end of maturation (DOY = 214), the highest oil content was in the nuts of 'Tonda Gentile Romana', which also showed a more uniform increase, as shown in figure 2.
At harvest time, the lipid contents were 61.4 g 100 g −1 DW in 'Nocchione', 65.5 g 100 g −1 DW in 'Tonda di Giffoni' and 67.9 g 100 g −1 DW in 'Tonda Gentile Romana'. This last value slightly exceeded the threshold for good nut storability [36] . The regular process of oil accumulation lessened in all the cultivars, on average, at the mid-late kernel expansion stages (DOY = 207-221). This can be explained by the qualitative modifications of lipid composition occurring during kernel growth and ripening [17] , and the climate influence, mainly due to the high temperature (average of the minimum, maximum and mean temperature: 15, 30 and 22
• C, respectively) and the low rainwater availability (23 mm) that occurred in late July-early August.
Palmitic, stearic, oleic and linoleic acids were the major fatty acids in the oil extracted from the kernel for all cultivars (table I), with oleic acid (18:1) accounting for 80-83% at harvest and stearic (18:0) and palmitic (16:0) saturated fatty acids accounting for less than 10% in all cultivars. The three cultivars differed slightly in their lipid composition. 'Nocchione' was characterized by a higher content of oleic acid (83.4%) and lower content of stearic acid (2.3%) at harvest time, whereas 'Tonda Gentile Romana' and 'Tonda di Giffoni' contained 80.5% of oleic acid (table I). These percentages are similar to those observed for some Spanish and U.S. commercial cultivars in previous research [14, 15] . These results highlight the nutritional value of the cultivars tested and confirm the potential health benefits of hazelnut consumption, mainly related to the lowering of low-density lipoprotein cholesterol and total cholesterol and the consequent reduction of cardiovascular disease risks, due to the high content of MUFA (monounsaturated fatty acids) in its oil [37] .
On average, oleic acid ( in TGR, TG and N, respectively ( figure 3) . At the beginning of August (DOY = 214) the starch accumulation showed a steep increase in all cultivars, followed by a steady decrease to values lower than 1-2 g 100 g −1 DW at harvest time. On average, starch content in the kernel was significantly high at the first stage (17.8 g 100 g −1 DW) and very low at harvest time (1.5 g 100 g −1 DW) (table II) . The decrease in the sugar level (DOY = 200) can be related to the intensification of oil accumulation in the kernel (figure 2), which is supported by the carbohydrates available in situ as the main source of energy and substrate. We may suppose that starch decrease (DOY = 207 and after DOY = 214) has the same origin. Studies on the temporal changes in gene expression during the processes of storage compound accumulation in the seeds of the model species Arabidopsis described a transient accumulation of starch, and attributed its later disappearance to it being used as a carbon source for fatty acid and protein synthesis [38] .
Sucrose was the main sugar in the kernel, representing more than 80% of total soluble sugars at harvest time for all the cultivars, followed by stachyose, fructose and glucose. Sucrose also showed a similar trend to that of total sugars, whereas stachyose was characterized by a very low content until the end of July (DOY = 207) and by an increase in August with values of 0.8-1.0 g 100 g −1 DW at the end of the month (DOY = 242).
Fructose and glucose, representing respectively about 1.8−3.2% and 1.8-2.8% of the total sugars at harvest time, showed a more uniform trend during the nut development without the high fluctuations observed for sucrose.
Considering the early, middle and final stages, total soluble sugars and each carbohydrate were significantly affected by the cultivar, sampling date and their interaction, with the exception of fructose, for which a high variability among the replicates was observed (table II) .
The content of organic acids in the kernel, represented by malic (82% of the total), citric (13-15%) and succinic acids (1-2%), was quite high at the beginning of July (DOY 186), showing values of 2.0, 2.8 and 2.7 g 100 g −1 DW in TGR, TG and N, respectively, and it declined to 0.4-0.7 g 100 g −1 DW at the end of the month (DOY = 207), remaining almost constant until harvest time ( figure 4) (data not reported) .
Similarly to sugars, the organic acids were significantly affected by the sampling date and their interaction, as shown in Table IV . Nitrogen in the kernel and total phenol content in the kernel and pellicle of hazelnut fruit expressed as the mean of cultivars, DOY (186 = 5 th July; 214 = 2 sd August; 249 = 6 th September) and their interactions (DOY = day of the year; TGR = Tonda Gentile Romana; TG = Tonda di Giffoni; N = Nocchione; LSD = least significant difference; n.s. = not significant). III) . Since high acidity generally reduces the perception of sweetness [39] , the lower content of organic acids could be one of the reasons for the better appreciation of immature nuts collected at the end of July with respect to the beginning of July [27] .
Nitrogen content in the kernel
The nitrogen content in the kernel showed a constant slight decrease from early July (DOY = 193) until the end of August (DOY = 242), with some differences among the cultivars as shown in figure 4 . During the nut development, 'Tonda di Giffoni' showed the lowest content of nitrogen compared with the other cultivars for almost all sampling data, with the exception of the early stage (DOY = 186), when the nitrogen content was 5.2 g 100 g −1 DW. TGR and N showed a low nitrogen content (3.2 g 100 g −1 DW for TGR; 4.2 g 100 g −1 DW for N) at the beginning of the kernel expansion stage (DOY = 186) and the same nitrogen content (3 g 100 g −1 DW), an amount slightly higher than TG, at harvest time. Considering the early (DOY = 186), middle (DOY = 214) and final (DOY = 214) stages, the nitrogen content in the kernel was significantly affected by the sampling date, as shown in table IV.
The knowledge of the accumulation of nitrogen in the kernel during nut growth can be useful to manage the nitrogen fertilization in the hazelnut orchards more rationally. The high accumulation of proteins during the kernel filling indicates that this growth phase has a high requirement for suitable nitrogen availability [22] .
Total phenol content in the kernel and pellicle
Phenolics in hazelnut kernels protect the seed from oxidation during storage and influence the taste by giving a slight astringency and bitterness appreciated in fresh nuts. This same taste is not desirable in roasted nuts and is most noticeable in cultivars that do not release the pellicle during roasting [2] . In recent years, the antioxidant activity of phenolic compounds and the potential positive effect of nut consumption on human health have been evidenced [8, 33] . Among nut species, hazelnuts have an intermediate content of total polyphenols, between the high levels of walnuts, pecans and pistachios and the low levels of pine and macadamia nuts, and have been defined as a good source of phenolics with high antioxidant potential [23] .
The total phenol content in the kernel and pellicle varied as a consequence of the cultivar, stage of development and their interaction (table IV) , showing a fluctuating trend during the nut development ( figures 5 and 6) . At harvest time, the total phenol content in the kernel was similar to that observed in the recent literature on other cultivars [23] . On average, the total phenol content in the kernel, expressed as the mean of the cultivars, was more than double at harvest time (47 mg GAE 100 g −1 DW) compared with the values observed at the beginning of the kernel expansion stage (20.2 mg GAE 100 g −1 DW) and mid-late kernel expansion stage (21.5 mg GAE 100 g −1 DW), as reported in table IV. The total phenol content in the pellicle was much higher than that observed in the kernel, and it also showed a different trend to that observed in the kernel ( figure 6 ). On average, the highest concentrations of phenolics were revealed during the period between late July (DOY = 207) and early August (DOY = 228). The highest amount of phenolic compounds in the pellicle occurred at the mid-late kernel expansion stage for TGR (12.1 g GAE 100 g −1 DW), which also showed a higher content than the other cultivars, characterized at the same stage by values of 8.8 and 5.2 g GAE 100 g −1 DW in TG and N, respectively. At harvest time, the cultivars showed slight differences and TGR still had the highest amount of total phenols (4.7 g GAE 100 g −1 DW) compared with TG (3.7 g GAE 100 g −1 DW) and N (3.2 g GAE 100 g −1 DW).
The significant interaction of cultivar x DOY indicates that the highest total phenol content was accumulated in the pellicle in the middle stage (DOY 214) of seed filling in all cultivars, with a greater increase in TGR than in the other cultivars (table IV).
The nut and kernel traits, determined according to Manzo et al. [40] and Köksal et al. [41] , showed that at the beginning of July the nuts had almost reached the final size (20.4 mm as the mean of the cultivars) and very few differences were observed in the subsequent stages of collection, whereas the kernel weight was about 70% of the final weight, which ranged from 1.2 g in 'Nocchione' and 1.3 g in 'Tonda di Giffoni' and 'Tonda Gentile Romana'. External signs of the ripening process were observed on the shells, that were already partially hardened and a light green color at the beginning of July, and showed a gradual color change from green to light brown starting from the second week of August (DOY = 221) without relevant differences among the cultivars.
The consumption of "green hazelnuts" could be an interesting 'old novelty' for an expansion of the range of hazelnut products offered in niche markets. The main information needed to support the utilization of "green hazelnuts" for this re-proposal is the identification of the most appropriate stage of harvest in order to obtain valuable sensory characteristics and a sufficient shelf life. In recent research [27] , nuts of 'Tonda Gentile Romana' collected at three different times before the end of maturation were submitted to a panel of trained judges; the results of the sensory analysis indicated that late July-early August was the time of harvest when the best seed taste and firmness and ease of shell removal occurred. In our trial, this time corresponds to the phase between DOY = 207 and 214, when the moisture content in the kernels of 'Tonda Gentile Romana' and 'Nocchione' was about 60%, the pellicle was well hydrated and the content of sugars, lipids and protein had reached a good level. The decrease in organic acids may also have contributed to a better taste and the reduced astringency perceived in the cited taste panel [27] .
Principal component analysis (PCA)
The analytical data set of the chemical constituents of the kernel and pellicle in the three cultivars and stages of nut development was evaluated by principal component analysis (PCA) in order to synthesize the information and examine the variability of case distribution and its determinants. The first three principal components (PCs), which were selected on the basis of the Kaiser criterion with eigenvalues higher than one [42] , explained 89.1% of the total variance.
The PC1 (48.3% of the total variance) represents a factor negatively related to the content of oil and stearic, arachic and linolenic acids, and positively related to starch and soluble sugars, nitrogen and organic acids (table V) . This factor corresponds to an opposite contribution of lipids, mainly the saturated ones, with respect to carbohydrates, and protein represents an indicator of the seed maturity, with high values corresponding to the initial stages of seed formation (low lipids, high starch, sugar reserves and energy sources, high proteins) and low values to the mature state (high lipids, with a presence of low saturated and polyunsaturated fatty acids).
The variables that mostly weighed on PC2 (24.7% of the total variance) were oleic acid with a positive sign and linoleic acid, PUFA and the unsaturated/saturated ratio with a negative sign. PC3 was related positively with sucrose and phenolic content in the kernel and negatively with phenolics in the pellicle.
The analysis of PC1 versus PC2 showed a separation between the samples according to the stage of kernel development and genotype ( figure 7) , with positive values at the beginning of nut development (DOY = 186) and negative values in the medium stage (DOY = 214) and at maturity (DOY = 249). The differences among the three cultivars are mainly evident for PC2 and at the immature stage, when TGR shows negative values of PC2, which indicate a different profile of fatty acid, with a lower content of oleic acid and higher contents of polyunsaturated fatty acids, in comparison with TG and mostly N.
PC3 discriminated the second and final stage of seed growth, besides the initial stage. The values of PC3 in the positive left quadrant describe the mature nuts as sweeter and with a higher content of phenolics in the kernel and lower in the pellicle than in the second developmental stage. In all three stages N is well separated from the other cultivars by higher values of PC3, whereas TGR is distinguished by the negative PC3 in the first stage of growth.
Conclusion
The nut composition during seed growth is characterized by several important simultaneous processes: oil accumulation, variation of sugar content, decrease in acidity and nitrogen content, dehydration, and qualitative modifications of lipid, acid and sugar profiles. The consequence of these dynamics is a change in sensory, nutritional and health quality, resulting in different possibilities of use in different stages of seed development and for different purposes.
As regards the stage of nut growth and seed maturation, the consumption of immature nuts certainly may have only a marginal importance with respect to the use of mature nuts by consumers and industry, but it could be of interest as a way of product differentiation both in the areas of hazelnut cultivation and in the latitudes where the nut maturation cannot be fully attained. On the basis of the comparison of the results obtained in this study and in previous research [27] the best time for harvest aimed at this particular use can be identified at the end of July-early August, depending on the cultivar. At the green stage, the high moisture content in both the seed and pellicle and the high sugar concentration may be associated with the perception of kernel tenderness and delicate taste and justifies the new interest in this traditional 'minor' use of unripe nuts [27] . The trend of oil accumulation and the decrease in moisture in the kernel and total phenolics in the pellicle stress the importance of a timely harvest of fully ripe nuts for industry or fresh consumption. However, in most countries the hazelnuts are mechanically harvested after they have fallen on the ground and are in a state of physiological maturity. The way to obtain nuts of high quality mainly relies then, on the adoption of the best association between genotype, environment and orchard management during plant and nut growth, in order to ensure the best completion of synthesis, accumulation and changes in nut chemical components. In this light, the timely harvest of fallen nuts becomes critical, as also stated by Farinelli et al. [35] . On the other hand, the harvest of nuts that are not fully mature may occur when nut abscission is stimulated by bioregulators [43] , or by shaking the plant [44] , or by handpicking, as sometimes still occurs in Turkish cultivars.
A key phase in the definition of the chemical composition of mature nuts spans from the second part of July to the first half of August, when the maximum oil accumulation in the kernel occurs. In this period, important physiological processes are going on, strictly dependent on environmental conditions and orchard management. The results indicate that the composition of the kernel and pellicle is cultivar-dependent during some stages of nut growth, with differences mainly related to the decrease in the water content. The pellicle of the cultivars tested revealed a high content of total polyphenols, secondary metabolites with antioxidant activities and closely related to nut stability during storage [33, 45] and to fresh and roasted nut taste [2] . The presence of phenols in the pellicle and their variation during nut growth, and the high level of monounsaturated fatty acids are interesting aspects deserving more attention for the promotion of nut consumption and for the evaluation of the hazelnut pellicle as a potential source of natural antioxidants as food additives [46] . The higher content of phenolics in the middle stages of nut growth and in the cultivars 'Tonda Gentile Romana' and 'Tonda di Giffoni' indicates that these cultivars harvested at this maturity stage are good sources of antioxidants for pharmaceutical uses.
